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SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in. inches 254 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mny
ft2 square feet 0.093 square meters m?
yad? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi2 square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft® cubic feet 0.028 cubic meters m3
yd? cubic yards 0.765 cubic meters m?
NOTE: volumes greater than 1,000 L shall be shownin m
MASS
0z ounces 28.35 grams o]
b pounds 0.454 kilograms kg
T short ton (2,000 Ib) 0.907 megagrams (or i l\:lg); 2
TEMPERATURE (exact degrees)
o . 5(F32)/9 . R
F Fahrenheit or (F32)/1.8 Celsius C
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela per square meter cd/n?
FORCE & PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in? poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in.
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mn? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft2
m? square meters 1.195 square yard yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi2
VOLUME
mL milliliter 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet ft®
m® cubic meters 1.307 cubic yards ya®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds b
Mg (or "t") megagrams (or i 1.103 short ton (2,000 Ib) T
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/n? candela per square meter 0.2919 foot-Lamberts fl
FORCE & PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in2

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 &388TM
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1 INTRODUCTION
1.1 Background

In recent yearshe Hawaii Department of Transportation (HDOT) utidiz@idge railings
similar to the Hawaii Modified Natchez Trace Bridge Rail to safely redirect vehicles on bridges.
However, the crashworthiness of this bridge rad hat been investigated under current impact
safety standardsf the American Association of State Highway and Transportation Offitials
(AASHTO) Manual for Assessing Safety HardwdMASH) [1]. Therefore, HDOT desired to
evaluate théHawaii Modified Natchez Trace Bridge Rala crash testing according to MASH
Test Level 3 (TE3).

In 1992, heoriginalNatchez Trac®arkwayBridge Rail[2] was evaluated to Performance
Level 1 (PL:1) criteria according to thAASHTO Guide Specifications for Bridge Railifigkat
the Midwest Roadside Safety Facility (MWRSHhe Nachez Trace Bridge Raas an open
concrete bridge rail positioned atop a-ifi0 tall curb, as shown irFigure 1. The railing
incorporatéd a 13in. tall by 12in. wide concrete rail supported 8¢in. x 18in. concrete posts
spaced 7 fi 6%in. apart.The face of the curb exteedapproximately4¥2 in. out from the face
of the concrete railing.

In test no. NTBRL, a 1984 Chevrolet Custom Deluxe 20 pickup truck impacted the bridge
rail at 45.2 mph and an angle of 22.4 degréfson impact, the test vehicl@as smoothly
redirected.There was no intrusion or deformation of the occupant compartemrehtthe bridge
rail received onlysuperficial damageln test no. NTBR2, a 1984 Renault Encore small car
impacted the bridge rail at 51.5 mph aam angle 0f1l9.5 degrees. Similarly, the vehicle was
smoothly redirected with minimal bridge rail damage. §htne Natchez Trace Bridge Rail
successfully passed all requiremeiotsAASHTO PL-1.

In 2001, researchers at the Texas A&M Transportation Institute (TTI) conducted crash tests
to evaluate th&latchez Trace Bridge Rd#] in accordance with NCHRP Report 3%).[The test
installation, shown irFigure 2, was identical to the system crash tested at MWRSF except for
minor variations in reinforcement.

In test no. 4051811, al997 Geo Metro smatlarimpactedhe Natchez Trace Bridge Rail
at62.1mphandan impact angle of 19.8 degre&se bridge raikafely contained and redirected
the passenger car, resulting in the test successfully passing NCHRP 3501€safety
requirements. In test no. 405182, a1997 Chevrolet 2500 pickup trudkpactedthe Natchez
Trace Bridge Rail @1.1mphandan impact angle &16.1degreesThe bridge rail safelgontained
and redirected the pickup truck, and thd tescessfully met NCHRP 350 tesfLB evaluation
criteria.
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Recently, HDOT desired to have its modified version of the Natchez Trace Bridge Rail
evaluated according to MASH_-3 criteria[1]. The HawaiiModified Natchez Trace Bridge Rail
had several difference®mpared to the original desigreviouslycrash tested at MWRSE][and
TTI [4]. Theheight of theHawaii modified design increased from 32% in. to 36 in., and the width
of the railing also increased significantlhe originalNatchez Trace Bridge Railad a top width
of 10 in, a base width 018 in, anda 4%%in offset between the bottooorner ofthe rail and the
top cornerof the curb.The Hawaii modified desighad a top width 018%2 in, a base width d?24
in., and al¥z~in. offset between the bottooornerof the rail and the topornerof the curbNote,
this offset effectively gave the Hawatiodified design a single slope profile when combining the
rail and the curb. ie Hawaitmodified design usksmaller,12-in. long by 12in. wide postdo
support the railFinally, the Hawaii design incorporated a steel tube, pedestrian handrail mounted

to the back side of the concrete rail. Details for the Hawaii Modified Natchez Trace Bridge Railing
are shown irFigure3.
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MASH evaluation of the Hawaii Modified Natchez Trace Bridge Rail beganangilckup
truck impact in accordance with MASldstdesignation no3-11. In test no. HNTBRL, a 5,032
Ib crew cab pickup truck impacted the Hawaii Modified Natchez Trace Bridged2ashown in
Figure4, at a speed of 62.3 mph and an angle of 25.0 degrees. The vehicle was contained and
redirected with minimal damage to thiedge railing However, there was extensive damage to the
vehicle, as shown iRigure5. The vehi cl eds whagistiusiondeforinatiensad t o e
12.7 in., which exceedatie MASH limit of 9 in. Therefore, test no. HNTBR failed the safety
criteria of MASHtestdesignation no3-11. Test no. HNTBR1 was previously documented in a
separate test repddj.

Figure4. Hawaii Modified Natchez Trace Bridge RailTest No. HNTBR1
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Figure5. Vehicle Damage and Excessive Wheel and Toe Pan Intrudiest No. HNTBR1
4
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1.2 Objective

The objective of thiprojectwas toredesign thédawaii Modified Natchez Trace Bridge
Rail to pass the safety performance critesfaMASH TL-3. The bridge railing needed to be
modified to mitigate occupant compartment deformatiand to satisfy MASH TL-3 safety
performance criteria.

1.3 Scope

The research objective was achieved through the completion of severalFestksan
investigationwas conductethto the potential causes of tb&cessive toe pan deformations that
led to thefailure of testno. HNTBR-1. Next, design modifications werecommenddto improve
the crashworthinessf the bridge rail, and a new railing configuration was seledtbdrevised
bridge railing was subjected two full-scale crash tesin accordance witMASH Tests3-11and
3-10. The fullscale vehicle crash test results were analyzed, evaluated, and documented.
Conclusions and recommendationsgevthen madeegardingthe safety performance of thhew
Hawaii Concrete Post and Beamdgje Rail.
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2 DESIGN MODIFICATIONS

Uponthe failure of test no. HNTBR, an investigation into the potential causéshe
excessive toe pan deformatiomas conducted/ehicle deformations were gsed by the impact
side wheel snagging on the bridge railing and being shoved back toward the occupant compartment
as the vehicle traveled downstream. Through a review and compafig@previouscrash tests
on the original Natchez Trace Bridge Railiangd the Hawaii Modified Natchez Trace Bridge Rail
[2, 4, and6], threefactors were identified as contributors to the MASH test failurein¢ieased
impact severity of the MASH test compared to the previous crasmgtetsindards(2) the limited
curb-to-rail offset of the Hawaii Modified Natchez Trace Bridge Rail, aBjdlfe angled bottom
edge of the upper railing.

The massof the MASH pickup truck is significantly greater thére mass of the pickup
truck specified in NCHRP Report 350. Even though the speed and impact angle for3he TL
pickup tests were the same, the increased mass resulted in a 14 percent increase in targeted impact
severity. This increase in impact severikgly contributed to increased loading during redirection
and increased damage to the vehicle. Unfortunately, the MASH impact conditions were not
something that could be changed, so the increased impact severity would have to be accounted for
in the redegn process.

The original Natchez Trace Bridge Rail had a 4.5 in. lateral offset between the top of the
curb and the lower edge of the upper rail. This allowed the impacting wheel to traverse up and
over the curb prior to impacting the upper rail. The Hawaii ModifiaticNez Trace Bridge Rail
reduced this | ateral offset to only 1.5 in.,
as shown previously ifigure 3. The limited offset resulted in the wheel impacting and being
loaded against the upper rail while trying to traverse over the curb at the same time. The combined
lateral loading and vertical motion of the wheel caused the rim to gouganish&nag othe lower
edge of the railingAs the vehicle continued to move downstream and against the bridge rail, the
wheel wagushed backoward the occupant compartmemd deformed the vehicle toe pan.

The shape of the upper rail also contributed to this snag. Most open concrete bridge rails
have a rectangular shaped upper rail, whereas the Hawaii Modified Natchez Trace Bridge Rail had
an angled lower edge that was more susceptible to gouging andasrtaghlighted irFigure6.

Thus, the severity of the rim snag described above was increased by the angled lower edge of the
railing.

Following the failure analysis of test no. HNTERthe research team identified various
options to alter the bridge railing to alleviate the rim gouging and snag issues. These options are
explored in the following sections.
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2.1 Curb-to-Rail Offset

Onesuggestednodificationwasto increase the curto-rail offset as shown irFigure7,
by changing the t opvenialiface)lsft) @ & recpssed Slageddacet(rght)e i t h ¢
This adjustmenpr ovi ded t he v sufficieatltireedcsclinv thefoeelcontaag theh
rail, thus reducinghe severityof the impact.The vertical loads into the bottom edge of the rail
would bereduced which would reducewheel snag and the associated occupant compartment
deformationsThis desigrchangewould bring thenew railing configuratiortloser tothe original
Natchez Trace Bridge Rail.
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2.2 Railing Face Geometry

To reduce the risk of sngimg on the bottom edge of the railgsearchers proposed
changi ng fdacéfrem stoped bodverticalas shown irFigure 8. This alterationwould
minimize wheelclimbing andvertical loading to the upper rail, thereby reducing wiseelg on
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Figure8. Potential Modification for Aligning Front Face of Rail and Curb

Anotherexploreddesignmodificationwas toeliminatethe angled bottom edge of the rail

by eitherrounding or cutting back the bottom egdge shown ifrigure9. Elimination of the sharp
angled edgevould redu the severity of rinrail snag and create a smoother vehicle redirection
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The finalproposediesign modificationvas toredue the opening heighietween the curb
and the raiby either raising the curb height or lowering the bottom of theasishown irfrigure
10. Reducing the opening and increasing the contact area on the face of the railing would likely
reduce the severity of rim snag on the lower edge of the railing.
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2.3 Selected Design Modifications

After discussior with HDOT, a vertical facdor both the top rail and bottom cuvias
selected for the new bridge railing configuration. The vertical front face was aligned with the
original top edge of the railing and the base width of the railing was reduegdoiRement in
boththe top rail and bottom curb was adjuste@ccommodate the new cross sectamdetailed
in the following chapterbut the overall reinforcement configuration remained very similar to the
previous Hawaii modified version difie bridge railThe new bridge rail cross section is detailed
in Figurell.
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3 DESIGN DETAILS

The new Hawaii Concrete Post and BeaBridge Railwas a 36én. tall open concrete
barrier with a pedestriamandail mounted to the backside of the railjras shown ifFigures12
through23. Photographs of the test installation are showRigures24 and 25. The same test
installation was used for both test nos. HNFTBRnd HNTBRS3, only the impact location was
changed.

The Hawaii Concrete Post and Bednidge Railfeatured a 164%n. tall by 17in. wide
concrete rail supported by <2 x 12-in. x 9%2in. tall concrete posts spaced 90 in. apart. The post
andbeam railing was mounted on top of aifiOtall by 17in. wide concrete curb such that the
face of the railingvas flush with the face of the curb. The testallation hadalength of 70 fii
7 in. andwas comprised dhree23.5ft long rail segments with ¥n. expansion joins placed at
the end of each rail segment.

Therail, posts, and curlverereinforced witha combination ofransverse and longitudinal
rebar as shown inFigure 20. The rail had nine longitudinal #6 barsand #4 hoop stirrups.
Reinforcement in the posts consistedafr #7 verticalbarsspacedequally alonghe traffic face
of each postvith four #4vertical bars spacedlongthe nontraffic side.All vertical barsin the
posts vere enclosed by five #4 stirrups that were spaced at 23Remforcementof the curb
consisted of threngitudinal#5 barsand U-shaped#5 transverséars asshown inFigure 18.
TheU-shapedransverse reinforcing bars were epoxied into the concrete tarmac to a depth of 6 in.
using Hilti HIT RE500 epoxyAll of the rebakvas epoxy coated

The pedestriarhandrai] which was mounted to a height 442 in. above the tarmac
consisted oAnHSS3x3xYsteel tube supported BISS2Y2x2Y4xYa postpaced at 60 in. ecenter.
The tube posts were welded tar8 x 5in. x ¥#in. thick steel base plateSach weldedandrall
assembht was 23.5ft long, matching the length of theoncrete barrier segmentdSS2x2x¥a
splice tubes were welded to one side of each handrail segment and extended into the adjacent
handrail tube. The handrail was mounted to the backe of t he concrete rail
diameter threaded rods, which were epoxied into the railing to a depth of 6 in.

The concrete mix for theailing, posts, and cunequired a minimum compressive strength
of 4,000 psiln the week prior to conducting the crash tests,dctual strengof the concrete
curband railing weraneasured to be 4,340 @sid 3,970 psi, respectivelfll reinforcing steel
were ASTM A615 Grade 6@ebar.The HSS tubes and the baseplate comprising the pedestrian
handrail wereASTM A500 Grade B and ASTM A36 steel, respectivéaterial specifications,
mill certifications, and certificates of conformity for the system materials are shofppendix
B.
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- 1 Handrail Assembly - ASTM A123 - T
d1 1 |HSS 3°x3x1/4", 281 1/2" Long ASTM A500 Gr. B | See Assembly Hawaii Concrete Post 4 of 11
d2 | s |[HSS 2 1/2°%2 1/2°x1/4%, 13 3/4” ASTM AS00 Gr. B | See Assembly and Beam Bridge Rail [
Long 2/10/2025
- . » Test No. HNTBR-2
d3 5 |2 1/4"x2 1/4"x1/4" Steel Plate ASTM A36 See Assembly .
BB » % % Handrail Assembly Details \ ;
d4 a 8"x5 x3/4; SteeI” PIcFe ASTM A36 See Assembly Midwest Roadside ZMM/NSW/d
d5 4 [7"x1 1/2"x3/16" Shim ASTM A36 See Assembly Sﬂfety FGCIIlty DWG. NAME. SCALE: 1:30 |REV. BY:
d6 1 [HSS 2"x2"x1/4”, 7” Long ASTM A500 Gr. B | See Assembly EHTER= 2= Disihs; A

Figure16. Handrail Detail, Test N\oHNTBR-2 andHNTBR-3
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Figurel7. Handrail Assembly Components, TestsNdNTBR-2 andHNTBR-3
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|1 4 ==/ (3) 1/2" Expansion joints to be bonded together by
i 3 E}'\ premolded joint filler (Part d5) and joint sealant
TR b s N I (Part d6) according to specifications.
i - - N l Hawaii Concrete Post sior 11
_‘| and Beam Bridge Rail DATE:
/3 [® Test No. HNTBR-2 s
6 1 2" DRAWN BY:
U] (TYP) U ' . . HNTBR Rebar Layout ZMM/NSW/J
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DETAIL H Safety Facilit WG, NANE. SCALE: 130 [REV. BY:
SCALE 1 : 10 Y Y | rercz_se s .

Figure18. Rails Rebar Detail, Test N0HNTBR-2 andHNTBR-3
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SECTION |-l

(Rail Hidden From View)
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SECTION J-J
SCALE 1 : 6

(Longitudinal Rebar and Handrail Hidden from View)

Smooth dowels (part c1) are cast in place on one side of the
expansion joint, and inserted into plastic sleeves (part c2), which are

cast into the barrier on the other side of the expansion joint.

1/2" expansion joints to be bonded together by premolded joint filler
(part e€5) and joint sealant (part e6) according to specifications.
PVC tubes (part nos. c2 & c¢3) are to be cast into the upstream side
of the expansion joints for testing purposes.
Bars (part b8) may be placed either inside hoops (part b4) or
adjacent to them, as shown in section J—J

Midwest Roadside
Safety Facility

. SHEET:
Hawaii Concrete Post 7 of 11
and Beam Bridge Rail DATE:
Test No. HNTBR—2 RS

[oRAWN BV |
Expansion Joint Details 244/ MW/
DWG. NAME. SCALE: 1:8 REV. BY:
HNTBR-2_R8 UNITS: in. KAL

Figure19. PostRail Rebar Arrangement, Test 8I6iINTBR-2 andHNTBR-3
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Hawaii Concrete Post 8 of 11
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DRAWN BY:
Mid t Roadsid Typical Bridge Post Details 2um/MSW/
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Figure20. PostRail Rebar Arrangementest Né. HNTBR-2 andHNTBR-3
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Part b7
Part b3 Part b4
Bill of Bars =
Part No.| Size | QTY Unbent Length Min. Lap Material Specification Hawaii Concrete Post zH::,ET”
b1 #4 48 47 1;2" — ASTM A615 Gr. 60 and Beam Bridge Rail DATE:
b2 7 | 48 43 1/2” = ASTM_A615 Gr. 60 o0
b3 s 1 72 38 1/2 = ASTM A615 Gr. 60 Test No. HNTBR-2
b4 4 | 60 35" 8" ASTM A615 Gr. 60 I B B
b5 7 11 57" = ASTM A615 Gr. 60 : ; ridge Rail Rebar \
b6 Is 127 278" 21" ASTM ABT5 Gr 60 Midwest Roadside e
b7 #5 [ o 278" 18" ASTM_A615 Gr. 60 Safety Facility [ = s
b8 5 8 39" = ASTM A615 Gr. 60 =

Figure21 Rebar Details, Test SOHNTBR-2 andHNTBR-3
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Midwest Roadside
Safety Facility

Hawaii Concrete Post
and Beam Bridge Rail

SHEET:
10 of 11

DATE:

2/10/2025
Test No. HNTBR-2 /s
DRAWN BY:
Expansion Joint Components ZMM/MSW/4
JO
DWG. NAME. [SCALE: 1:3 REV. BY:
HNTBR-2_R8 UNITS: in. KAL

Figure22. Pipe Details, Test NOHNTBR-2 andHNTBR-3
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Ihec';n QTY. Description Material Specification Treatment Specification HaGrSivcvlgre
al 3 [Concrete* Min. f'c = 4,000 psi - -
b1 | 48 |#4 Rebar, 47 1/2" Total Unbent Length ASTM A615 Gr. 60 “proy-C°°f§g3i§~STM A775 or -
b2 | 48 |#7 Rebar, 43 1/2" Total Unbent Length ASTM AB15 Gr. 60 *‘Epoxy—Cootzg_,)gSTM A775 or =
b3 | 72 |#5 Rebar, 38 1/2" Total Unbent Length ASTM A615 Gr. 60 **EP°><y—C°°t§g$§§STM A775 or —
b4 | 60 |#4 Rebar, 35" Total Unbent Length ASTM AB15 Gr. 60 **EP°XY‘C°°t§g3§'§STM A775 or =
b5 [141[#4 Rebar, 57" Total Unbent Length ASTM A615 Gr. 60 **EP°XY‘C°°t§g3§§STM A775 or =
b6 |27 |#6 Rebar, 278" Total Length ASTM A615 Gr. 60 *Epoxy-Cosiac, [STH AT7S on -
b7 | 9 |#5 Rebar, 278" Total Length ASTM A615 Gr. 60 PARRR~EEH Ll ST SR B -
b8 | 8 |#5 Rebar, 39” Total Unbent Length ASTM A615 Gr. 60 **Epoxy C°°t§g3$f)\STM A775 or o
c1 | 6 |#8 Smooth Rebar, 24 1/2" Long ASTM A615 Gr. 60 **Epoxy c°at§g3$33m A775 or =
c2 | 6 [1 1/4” Dia. PVC Pipe Schedule 80 PVC Gr. 12454 - -
c3 6 |1 1/4” Dia. PVC End Cap Schedule 80 PVC Gr. 12454 - -
d1 3 [HSS 3"x3"x1/4", 281 1/2" Long ASTM A500 Gr. B See Assembly -
d2 |15 [HSS 2 1/2'x2 1/2"x1/4”, 13 3/4” Long ASTM A500 Gr. B See Assembly =
d3 [ 15 [2 1/4"x2 1/4"x1/4” Steel Plate ASTM A36 See Assembly —
d4 | 15 [8"x5"x3/4” Steel Plate ASTM A36 See Assembly —
d5 |12 [7"x1 1/2"x3/16” Shim ASTM A36 See Assembly -
d6 3 [HSS 2"x2"x1/4", 7" Long ASTM A500 Gr. B See Assembly -
el | 60 [5/8"—11 UNC Heavy Hex Nut ASTM A563—15 Grade DH ASTM F2329 FNX18b
e2 | 60 |5/8" Dia. Hardened Washer ASTM F436 ASTM F2329 FWC18b
e3 | 60 [5/8"-11 UNC, 7 7/8" Long Threaded Rod ASTM F1554—15 Gr. 105 ASTM F2329 ~
e4 — |Epoxy Adhesive Hilti HIT RE-500 V3 - -
e5 | — |Joint Filler AASHTO M33, M153, or M213 = =
eb — |Expansion Joint Sealant AASHTO M173, M/%SB-?M %%g;:} ASTM D3581, or - -
* NE Mix 47B15/1PF4000HW was used for testing purposes.
** Rebar does not need to be epoxy—coated for testing purposes.
Hawaii Concrete Post 11 of 11
and Beam Bridge Rail DATE:
Test No. HNTBR-2 e
DRAWN BY:
g . HNTBR BOM ZMM/MSW/J
Midwest Roadside 0
Sofety Focility DWG. NAME. ISCALE: 1:192 |REV. BY:
HNTBR—-2_R8 UNITS: in. KAL

Figure23. Bill of Materials, Test N@. HNTBR-2 andHNTBR-3
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Figure24. Test Installation PhotographBest N@. HNTBR-2 andHNTBR-3
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Figure25. Test Installation Photographdandrail Assembly, Test SOHNTBR-2 andHNTBR-3
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4 TEST REQUIREMENTS AND EVALUATION CRITERIA
4.1 Test Requirements

Longitudinalbarriers, such as concrete bridge ransst satisfy impact safety standards to
be declared eligible for federal reimbursement by the Federal Highway Administration (FHWA)
for use on the National Highway System. For new hardware, these safety standards consist of the
guidelines and proceduresligished in MASH2016 According toTL-3 of MASH, longitudinal
barrier systemsust be subjected tavo full-scale vehicle crash tests, as summarizéhlviel.
Two crashtests wereonducted under tedesignation ng 3-10 and3-11andarereported herein.

Tablel. MASH TL-3 Crash Test Conditions fatwongitudinal Barriers

Test Vehicle Impact Conditions )
Test Desianation Test Weiaht Speed Anal Evaluation
Article g Vehicle g pee hgle Criterial
Longitudinal 3-10 1100C | 2,420 62 25 AD,FH,l
Barrier 3-11 2270P | 5,000 62 25 A,D,FH,l

1 Evaluation criteria explained ifiable2.

Note that the tesmatrix used to evaluate the Hawaii Concrete Post and Beam Bridge
Railingandd et ai | ed herein represents the researche
are necessary to assess system crashiwess according to the MASBhfety requirements.
However, any tests deemed nenitical in this research effort might require future evaluation due
to revisions to the MASH criteria or additional knowledge gained over time.

4.2 Evaluation Criteria

Evaluation criteria for fullscale vehicle crash testing are based on three factors: (1)
structural adequacy, (2) occupaigk, and (3) vehicle trajectory after collision. Criteria for
structural adequacy are intended to evaluate the ability dfithge railingto contain and redirect
impacting vehicles. In addition, controlled lateral deflection of the test article is acceptable.
Occupant risk evaluates the degree of hazard to occupants in the impacting vehigtap&cst
vehicle trajectory is a measuof the potential of the vehicle to result in a secondary collision with
other vehicles and/or fixed objects, thereby increasing the risk of injury to the occupants of the
impacting vehicle and/or other vehicles. These evaluation criteria are sumniazdde 2 and
defined in greater detail in MASH. The fidtale vehicle crash test was conducted and reported in
accordance with the procedures provided in MASH.

In addition to the standard occupant risk measures, thellRpatt Head Deceleration
(PHD), the Theoretical Head Impact Velocity (THIV), and the Acceleration Severity Index (ASI)
were determined and reported. Additional discussiothnese values provided in MASH.
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Table2. MASH Evaluation Criteridor Longitudinal Barrier

Structural
Adequacy

A.

Test article should contain and redirect the vehicle or bring the
vehicle to a controlled stop; the vehicle should not penetrate,
underride, or override the installation although controlled lateral
deflection of the test article is acceptable.

Occupant
Risk

Detached elements, fragments or other debris from the test arti
should not penetrate or show potential for penetrating the occuy
compartment, or present an undue hazard to other traffic,

pedestrians, or personnel in a work zone. Deformations of, or
intrusions into, the occupant compartment should not exceed lin]
set forth in Section 5.2.2 and Appendix E of MASH.

The vehicle should remain upright during and after collision. Th¢
maximum roll and pitch angles are not to exceed 75 degrees.

Occupant Impact Velocity (OIV) (see Appendix A, Section A5.2|
of MASH for calculation procedure) should satisfy the following
limits:

Occupant Impact Velocity Limits

Component Preferred Maximum

Longitudinal and Lateral 30 ft/s 40 ft/s

The Occupant Ridedown Acceleration (ORA) (see Appendix A,
Section A5.2.2 of MASH for calculation procedure) should satisf
the following limits:

Occupant Ridedown Acceleration Limits

Component Preferred Maximum

Longitudinal and Lateral 15. 0 ¢ 20. 49

27



September 252025
MwRSF Report NoTRP-03-478b-25-R1

5 TEST CONDITIONS
5.1 Test Facility

The Outdoor Test Site is located at the Lincoln Air Park on the northwest side of the
Lincoln Municipal Airport and is approximately 5 miles northwest of the University of Nebraska
Lincoln.

5.2Vehicle Tow and Guidance System

A reversecable tow system with a 1:2 mechanical advantage was used to propel the test
vehicle. The distance traveled and the speed of the tow vehicle whalbtieat of the test vehicle.
The test vehicle was released from the tow cable before impdctheitbarrier system. A digital
speedometer on the tow vehicle increased the accuracy of the test vehicle impact speed.

A vehicle guidance system developed by HinchwWas used to steer the test vehicle. A
guide flag, attached to theft-front wheel and the guide cable, was sheared off before impact with
t he barri er-in digmeterguide cabld veas tEnsioned to approximately 3,500 Ib and
supported both laterally and vertically every 100 ft by hinged stanchions. The hingedostanch
stood upright while holding up the guide cable, but as the vehicle was towed down the line, the
guide flag struck and knocked each stanchion to the ground.

5.3Test Vehicle

In test NOHNTBR-2, a2018 Dodge Ram 1500 crew cgickup truckwas used as the test
vehicle. The curb, test inertial, and gross static vehicle weights were 5,216 Ib, 4,995 Ib, and 5,159
Ib, respectively. The test vehicle is shown in Fig@@&and27, and vehicle dimensions are shown

in Figure28. No t e, the i mpact side of the vehicle, 0
vehicleds right side -tmpacatgh®iudet hos deipoet ds
the vehicleds left side.

In test NOHNTBR-3, a2019 Kia Rio was used as the test vehicle. The curb, test inertial,
and gross static vehicle weights were 2,483 Ib, 2,400 Ib, and 2,563 Ib, respectively. The test vehicle
is shown in Figure29 and30, and vehicle dimensions are showrFigure31.

The longitudinal component of theenter of gravity €.g) was determined using the
measured axle weightEhe Suspension Metho#f][was used to determine the vertical component
of the c.g. for the 2270P vehicle. This method is based on the principle that the c.g. of any freely
suspended body is in the vertical plane through the point of suspension. The vehicle was suspended
successigly in three positions, and the respective planes containing the c.g. were established. The
intersection of these planes pinpointed the final c.g. location for the test inertial contiteon.
vertical component of the c.g. for the 1100C vehicle was determined utilizing a procedure
publishedby the Society of Automotive Engineer (SAB).[The final c.g. locations are shown in
Figures28and31. Ballast information and data used to calculate the location of the c.g. are shown
in Appendix C

Square, blaclandwhite checkered targets were placed on the vehicles for reference, as
shown in Figure82 and33, to serve as a reference in the hggieed digital video and aid in the
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video analysis. Round, checkered targets were placed at the c.g. on-tligelefbor, the right
side door, and the roof of the vehicles.

The front wheels of the test vehicles were aligned to vehicle standards exceptithe toe
value were adjusted to zesachthat the vehicles would track properly along the guide cable. A
5B flash bul b was moghtsidgedvindshiett evipeared avasHiredvbg & i c | e 6
pressure tape switahounted at the impact corner of the bumgdre flash bulb was fired upon
initial impact with the test article to create a visual indicator of the precise time of impact on the
high-speed digital videos. A raalicontrolled brake system was installed in the test vehicles so the
vehicles could be brought safely to a stop after the test.
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217129 "
ga31s501

HNTBR-2

Figure26. Test Vehicle, Test N¢ANTBR-2
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